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The optical-absorption spectra associated with transitions between the n= 1 valence subband 
and the donor-impurity band and between the acceptor-impurity band and the n = 1 
conduction subband were calculated for GaAs-Gal _ .Al,As cylindrical quantum-well wires 
of different radii. The distribution of impurities in the wire was assumed to be 
homogeneous and interaction between the impurities was neglected. The main features in the 
theoretical spectra were an absorption edge associated with transitions involving 
impurities at the center of the wire and a peak related to impurities at the edge of the wire. 
Calculations were performed for both infinite and finite potential barriers, and were 
compared with previous results in quantum wells of comparable dimensions. 
1. INTRODUCTION 
Low-dimensional systems as superlattices and hetero- 
structures have been extensively studied during the last 
years’ due to their very particular electronic properties 
associated with confinement and quantum-size effects. The 
considerable development of different experimental tech- 
niques has made possible the fabrication of ultrathin quan- 
tum wells (QW’s) and quantum-well wires (QWW’s) . The 
latter were first grown from GaAs cladded by 
Gal -&As with cross-sectional area of the order of 20 
mn X 20 nm by Petroff et aL2 
In contrast to the one-dimensional electronic confine- 
ment in QW’s and superlattices, in QWW’s the electron is 
free to move along the axial direction but is confined in its 
cross-sectional area and quantum size effects become more 
apparent as this area is reduced. Recently, photolumines- 
cence studies by Tsuchiya et a1.3 revealed two intensity 
peaks associated with electron-light-hole and electron- 
heavy-hole excitons which constitute the first evidence of 
two-dimensional quantum confinement. Like in the case of 
two-dimensional QW’s, there is considerable interest in the 
problem of impurities in QWW’s due to their effects on the 
optical and transport properties of these low-dimensional 
heterostructures and to their importance on the fabrication 
of semiconductor devices. Cathodoluminescence 
experiments2 in GaAs-Gal _ ,Alfis QWW’s have revealed 
a small structure in the spectra corresponding to energies 
red shifted with respect to the exciton line, and with a 
linewidth of the order of the donor-impurity energy band. 
Many theoretical studiesk7 on hydrogenic impurity levels 
in GaAs-Gal _&As QWW’s have shown that the impu- 
rity binding energy is higher in QWw’s than in QW’s due 
to the additional higher confinement, and goes to infinite 
‘IPermanent address: Departamento de Fisica, Universidad de1 Valle, 
A.A. 24360, Cali, Colombia. 
when the transversal cross-sectional area decreases if the 
confining potential is infinite; in a real QWW, however, the 
confinement potential is finite and the impurity binding 
energy reaches the limiting value of 1 R,* (one effective 
Rydberg), i.e., the value of the impurity binding energy in 
the bulk of the cladding material5 
Recently, Weber et ~1.~ have calculated the impurity 
binding energies and the density of impurity states in rec- 
tangular cross-sectional area GaAs-Sat _ ,Al,As QWw’s, 
finding interesting features in the density of impurity states 
when the square symmetry of the cross sectional area is 
lost. Porras-Montenegro et al.* have calculated the density 
of impurity states in cylindrical QWW’s and found two 
structures associated to impurities at the center and at the 
edge of the QWW’s, which could, in principle, show up in 
absorption and photoluminescence spectra associated with 
shallow hydrogenic impurities in QWW’s. They have also 
studied, for infinite-barrier QWW’s, the optical-absorption 
spectra associated with shallow donor impurities in GaAs- 
(Ga,Al)& QWW’s. 
To our knowledge there are no experimental reports on 
the impurity-related optical and photoluminescence spec- 
tra in GaAs-Gal -,Alfis QWW’s. Nonetheless, it is cer- 
tainly of considerable importance a systematic study of the 
opticaI-absorption spectra associated with transitions be- 
tween the valence and donor impurity bands (or between 
the acceptor and conduction bands) in 
GaAs-Gal _ Al& QWw’s. This work is organized as fol- 
lows. In Sec. II we present some of the theoretical aspects 
concerning the transition probabilities per unit time asso- 
ciated with the impurity-related absorption spectra for 
both infinite- and finite-barrier GaAs-Ga, _ ,Al,As 
QWW’s. Results and discussion are presented in Sec. III 
and conclusions in Sec. IV. 
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II. THEORY 
The Hamiltonian of a shallow hydrogenic impurity in 
a cylindrical QWW of GaAs cladded by Gal _ ,Al,As can 
be written in the effective mass approximation as 
If?=&+ 
e2 
-50 [(p-pj)2+2]1/2+ wjy (1) 
where m* is the electron effective mass in the band under 
consideration (m* = m, = 0.0665mo for the donor and we 
have assumed an spherical mass m* = m, = 0.30mo for the 
acceptor; m0 is the free electron mass), co is the static 
dielectric constant of the wire material, and V(p) the con- 
fining potential with height depending on the Al concen- 
tration on Gal _ a&. The unitary vector F defines the 
direction perpendicular to the wire whereas pi is the impu- 
rity position along this direction, and z is the relative sep- 
aration of the carrier from the impurity along the axial 
direction of the wire. 
For transitions from the first valence subband to a do- 
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(3) 
where Ui and uf are the periodic parts of the Bloch states 
for the initial and final states, respectively, il is the varia- 
tional parameter, d is the wire radius, and, 
N, 2 = rrLd2 
K1(bL;od)K- db:od)J;(~od) 
K;@fl,.,d) 
- Jl(4od)J-,(<od) , 
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M2=K$$.,4 d s 
dp pK;(b;d~oWp< K;Wp> 1, 
(7) 
r (p,pi,z,A > = expC - A [ (p - piI2 + 221 ‘j2}, (8) 
where L is the length of the wire, Jo and K. are. the or&- 
nary and second-kind modified Bessel functions of zero 
order, respectively, and r-7: and b?$’ are given by, 
n=l 
FIG. 1. Schematic representation of some possible absorption transitions 
in a GaAs-Gal _ fl& QWW with a donor-impurity band. The parab- 
olas represent a pictorial view of the one-dimensional (k dependence) 
dispersion of the first conduction-and valence--minibands. 
2m@$ 1 
l/Z 
s2 -@ ; 
2m( V, - E&) 1 
l/2 (9) 
T+ @ , 
with F’, being the constant potential in the barrier material 
(for the conduction or valence band), m = rnc+, and 
@& the ground-state corresponding to’Eq. ( 1) without the 
impurity potential, i.e., 
@fk=& [(r$;j’ + k2] =f [# - (b:;)‘] + V,. 
(10) 
Taking the energy origin at the first conduction sub- 
band as depicted in Fig. 1, we have for the energy of the 
initial (first valence subband) state 
22 
Ej= -eg-g, (11) 
u 
where eR is given by 
%=%+qOk+Ef;Ok 
with Eg being the bulk GaAs band gap. 
(12) 
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The energy of the final state is 
Ef= -EbCdtpi>, (13) 
where &,( d,pr) is the binding energy of the donor impurity 
given by 
fi2(rfJ2 
&(d,pf) =r - dd,pi), 
c 
(14) 
and E( d,pi) is the impurity ground-state energy, minimized 
with respect to il. 
The transition probability per unit time for valence-to- 
donor transitions associated with a donor impurity located 
at pi is proportional to the square of the matrix element of 
the electron-photon interaction Hi”, between the wave 
functions of the initial state (valence) and final (impurity) 
states, i.e., 
W=$ C 1 (fHintli> 12fi(Ef- Ef- fiw) (15) 
i 
with Hint = Ceep, where e is the polarization vector in the 
direction of the electric field of the radiation, p is the mo- 
mentum operator, and C is a prefactor which contains the 
photon vector potential.’ Following the etfective mass ap- 






Pfi’E R s 




dr q(r>Fi(r), (18) 
where I?, is the volume of the unit cell and Ff (Fj) is the 
envelope function for the final (initial) state. For the case 
of the donor impurity we have for Sri I- Sfi (pj,A,k(w)), 
x dz cos(kz) 4 r(p,p&> 




d$ r(p,p&) 2 1 (19) 0 
where 
(20) 
For a GaAs-Gal -A.&s QWW of radius d and 
length L, the transition probability per unit time for va- 
lence-to-donor transitions associated with a single impurity 
located at pi is therefore given by 
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(21) 
where a0 is the Bohr radius and ‘Y’(A) is the step function. 
In this expression we have 































FIG. 2. (a) Absorption probability per unit time W,(pi,o) (in units of 
we); for valence-to-donor transitions in a finite GaAs-Ga,,,Al,,,As QWW 
of radius d=200 A, as a function of the impurity position pi/d and for 
fixed values of kw - &given by (i) - 1.57 meV, (ii) - 1.0 meV, (iii) 
1.0 meV, and (iv) 4.36 meV, respectively. This last value (iv) of fiw 
- &corresponds to I& = fiq - Eg and signals the onset of transitions to 
the upper-edge of the donor-impurity band which appears as a peak in the 
total transition probability per unit time shown in Fig. 2(b). 
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FIG. 3. Optical absorption spectra (in units of we); for valence-to-donor 
transitions in finite (full curves) and inhnite (dashed curves) 
GaAs-G~,,Ale,As QWW’s of different radii d=50 b; (a), 200 a (b), 
and loo0 A (c). Et, Ez, and E, (E;, E& and EL) correspond, respec- 
tively, to the onset of transitions to the donor band, to a peak associated 
to transitions involving impurities at the edge of the QWW, and to the 
onset of transitions from the valence to the conduction miniband. 
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FIG. 4. Density of impurity states for finite (full curves) and infinite 
(dashed curves) GaAs-G ,Ale3As QWW’s of different radii d=50 A 
(a), 200 A (b), and 1OCO~ (c). 
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For a homogeneous distribution of impurities, and as- 
suming that the QWW radius is much larger than the lat- 
tice parameter,12 one has for the total transition probability 






The main results of this calculation are presented in 
the next section. For the case of a finite confining potential, 
the height of the barrier V, is taken to be 60% (40%) of 
the band-gap discontinuity AE,(eV) = 1.247~ in the 
GaAs-Gal -,Al,,& QWW for the conduction (valence) 
band.‘3*‘4 All results are presented for the case of an Al 
concentration of x=0.3 and assuming a homogeneous dis- 
tribution of impurities inside the GaAs-Gal -a& 
Qm. 
All results above are for the case of a finite-barrier 
QWW and the corresponding expressions for the infinite- 
barrier QWW are easily obtained.5 The case of transitions 
from an acceptor-impurity band to the first conduction 
subband is obtained by performing the change m&m, 
and by exchanging the barrier potential associated with the 
valence and conductions subbands. 
FIG. 5. Optical absorption spectra (in units of wo); for acceptor to con- 
duction-miniband transitions in a finite (full curve) and infinite (dashed 
curve) GaAs-Gac7AlesAs QWW of radius d=50 A. E,, E2, and E, 
(E;, E;, and EL) correspond, respectively, to the onset of transitions from 
the acceptor band to the conduction miniband, to a peak associated to 
transitions involving impurities at the edge of the QWW, and to the onset 
of transitions from the valence to the conduction miniband. 
Ill. RESULTS AND DISCUSSION 
A schematic representation of a GaAs-Gal -+1.&s 
QWW doped with a homogeneous distribution of donor 
impurities is shown in Fig. 1. The edges for optical absorp- 
tion from the first valence subband to the donor-impurity 
band is represented by +& and to the first conduction 
subband by eg’ The transition ii~~ corresponds to absorp- 
tion to an impurity level associated with donors at the 
edges of the QWW. 
Some results of the absorption probability per unit 
time, W&j,@), for valence-to-donor transitions, which is 
used in Eq. (24) to obtain the total probability function, 
vd(m), are shown in Fig. 2(a). The absorption 
wd(Pi,@) is given as a function of the impurity position, 
for some particular values of the photon energy, indicated 
by (h - E,), in the cast of a finite GaAs-GaeTAlc,sAs 
QWW with radius d=200 A; curves I to IV correspond to 
values of &J - Eg equal to - 1.57, - 1.0, 1.0, and 4.36 
meV, respectively. Curve IV corresponds to the photon 
energy associated to the peak in the total absorption spec- 
tra [cf. Fig. 2(b)]. The energy El = &D* - Eg denotes the 
absorption threshold; for intermediate o values, i.e., for 
w1 < w < 02, only a fraction of the impurity band contrib- 
utes to the absorption. Also, notice the divergence of 
wd(Pi,@) when pr approaches a value such that tiw = eB 
- Eb( d,p& which may be understood by the divergent be- 
havior of the density of states at the top of the first valence 
subband. The results in Fig. 2 for a GaAs-(Ga,Al)As 
QWW should be compared with the corresponding absorp- 
tion probabilities for a GaAs- (Ga,Al) As QW recently ob- 
tained by Oliveira and Perez-Alvarez.” 
comparable well width, ’ * we observe that the absorption 
magnitudes are quite similar. A remarkable difference, on 
the other hand, is the absence of the peak structure asso- 
ciated with impurities located at the center of the well in 
the QWW, for small radius of the QWW, which is in agree- 
ment with the small density of impurity states for impurity 
positions near the center of the wire as can be seen in Figs. 
4(a) and 4(b) for both cases, finite and infinite QWW’s. 
As the wire radius is increased, finite and infinite QWW’s 
begin to exhibit the same absorption spectra appearance 
since the systems begin to behave as a three-dimensional 
GaAs. This is clear in Fig. 3(c) where d= 1000 A, which 
can be interpreted as a result close to the bulk limit.” 
Finally, we present in Fig. 5 the total absorption prob- 
ability per unit time for transitions of the acceptor-impu- 
rity band to the first conduction subband. As it is well 
known, the case of acceptor-impurities must be treated 
within the context of a more rigorous treatment due to the 
coupling of the top four valence bands.15 Here we have 
only performed a simplified spherical-effective mass calcu- 
lation in order to observe the main features of the optical 
spectra. As in the case of the transitions from the valence 
to donor-impurity bands, we still have a sharp ,peak related 
with transitions involving impurities at the border of the 
wire in both cases of QWW potential (finite and infinite) 
and well-defined absorption edges associated with impuri- 
ties at the center of the wire. 
IV. CONCLUSIONS 
The absorption spectra for infinite and finite We have calculated the optical-absorption spectra as- 
GaAs-Gae,Alo.sAs QWW’s of different radii are shown in sociated with transitions between the n= 1 valence sub- 
Fig. 3. In comparing these results with those of the QW of band and the donor-impurity band for a cylindrical GaAs- 
(ha-E,) (m&/I 
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(Ga,Al)As QWW. We have found two structures in the 
transition probability .per unit time, wd( a), i.e., an edge 
associated with transitions involving impurities at the cen- 
ter of the well and a peak associated with transitions re- 
lated to impurities at the edge of the well as it has been 
previously found in QW’s. Although experimental results 
for the optical-absorption spectra associated with impuri- 
ties in QWw’s are not yet available, we believe our results 
are of importance in the quantitative understanding of fu- 
ture experimental work in this field. 
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